The Mondego estuary, a shallow warm-temperate intertidal system located on the west coast of Portugal, has for some decades been under severe ecological stress, mainly caused by eutrophication. Water circulation in this system was, until 1998, mainly dependent on tides and on the freshwater input of a small tributary artificially controlled by a sluice. After 1998, the sluice opening was effectively minimised to reduce the nutrient loading, and the system hydrodynamics improved due to engineering work in the upstream areas. The objective of the present study was to evaluate the effect of the mitigation measures implemented in 1998. Changes to the hydrodynamics of the system were assessed using precipitation and salinity data in relation to the concentrations of dissolved inorganic nutrients, as well as the linkage between dissolved N:P ratios and the biological parameters (phytoplankton chlorophyll a concentrations, green macroalgal biomass and seagrass biomass). Two distinctive periods were compared, over a ten year period: from January 1993 to January 1997 and from January 1999 until January 2003. The effective reduction in the dissolved N:P atomic ratio from 37.7 to 13.2 after 1998 is a result of lowered ammonia, but not the oxidised forms of nitrogen (nitrate plus nitrite), or increased concentrations of dissolved inorganic phosphorus. Results suggest that the phytoplankton is not nutrient limited, yet maximum and mean biomass of green macroalgae was reduced by one order of magnitude after the mitigation measures. This suggests that besides lowering the water residence time of the system, macroalgal growth became nitrogen limited. In parallel to these changes the seagrass-covered area and biomass of Zostera noltii showed signs of recovery.
Introduction
Worldwide, the nutrient enrichment of shallow coastal areas has led to a decline in environmental quality, especially close to densely populated areas affected by eutrophication. As a result of nutrientinduced changes, particularly increased levels of growth limiting nutrients, perennial benthic macrophytes are commonly replaced by fast-growing opportunistic algae (epiphytic green macroalgae and/or phytoplankton), which in many systems has affected the entire trophic structure (e.g. Valiela et al., 1997; Raffaelli et al., 1998; Cardoso et al., 2004) . Thus, conservation and restoration of coastal areas has become a priority during the last decades (de Jonge, 2000; van Katwijk et al., 2000; de Jonge and de Jong, 2002; Kendrick et al., 2002) . The general aim of restoration programmes is to return a system from an altered or disturbed condition to a previously existing stable state condition (Zhang et al., 2003; Webster and Harris, 2004 ). Yet, when the response trajectory of the system to reduced driving variable (e.g. nutrient loads reduction) is very different from the trajectory as the driving variable intensifies (e.g. rising nutrient loads), the system shows pronounced hysteresis (Scheffer et al., 2001; Beisner et al., 2003; Webster and Harris, 2004) . Eutrophication may push the system into an alternate stable state by positive feedback processes from which recovery is very difficult to achieve (Scheffer et al., 2001) . Thus, to assess the success of restoration programmes it is necessary to understand the processes which have driven the observed ecological changes and to monitor the restoration process (Zhang et al., 2003; Cardoso et al., 2004 Webster and Harris, 2004) .
The main inputs contributing to the nutrient balance and status of estuarine systems are the external point and diffuse sources plus the internal biogeochemical mineralization processes (Zwolsman, 1994; Lillebø et al., 2004; Coelho et al., 2004) . Additionally, the physical and chemical characteristics and the ecology of these shallow, yet highly complex and dynamic ecosystems are strongly influenced by the hydrology of the systems (Martins et al., 2001) .
Like many other estuaries worldwide (McMahon and Walker, 1998; Beukema et al., 1999; Norkko and Bonsdorff, 2000; Sfriso et al., 2001) , the Mondego estuary has been under environmental stress by eutrophication processes. As a consequence, the seagrass (Zostera noltii) bed has almost disappeared, reducing in extent from 15 ha in the early 1980's to 0.02 ha in the mid-1990's (e.g. Dolbeth et al., 2003; Marques et al., 2003; Pardal et al., 2004) . To evaluate the effect of the implemented mitigation measures, in 1998, the objective of the present study was to assess the hydrodynamics, using precipitation and salinity data, in relation to the concentrations of dissolved inorganic nutrients, as well as the linkage between dissolved N:P ratios with the biological parameters (phytoplankton chlorophyll a concentrations, green macroalgal biomass and seagrass biomass) before and after 1998, over a 10-year period.
Material and methods

Description of the study site
The Mondego estuary is a warm-temperate intertidal system located on the west coast of Portugal (Fig. 1) . The construction of harbour facilities has imposed severe changes of this system since the 1930s, particularly the construction of stone walls to regulate the main navigation channels, and the construction of small water reservoirs for agriculture and aquaculture purposes. The Mondego estuary is relatively small (1600 ha) and receives agricultural runoff from 15 000 ha of upstream cultivated land, mainly dominated by rice fields. The main changes that have affected the system include modified riverbed topography, changed hydrodynamics, increased water turbidity and increased concentration of growth limiting nutrients (Martins et al., 2001) .
The Mondego estuary is about 7 km long and is 2e 3 km across at its widest part, and comprises a northern and southern arm, separated by the Murraceira island. The northern arm is the deeper (G10 m during high tide, tidal range 0.5e3.5 m), constituting the main navigation channel and the location of the Figueira da Foz harbour. The southern arm is shallower (2e4 m during high tide), and is characterised by large areas of intertidal flats exposed during low tide. Until 1998, the southern arm was almost silted up in the innermost areas, and the river outflow occurred mainly via the northern arm (Fig. 1) . Water circulation in the southern arm was mostly dependent on the tides and on the freshwater input from the Pranto River, a small tributary with a flow controlled by a sluice, which was regulated according to the water level of rice fields in the Mondego Valley (Fig. 1 ). This freshwater input represented an important source of nutrients into the southern arm. Thus, the system has been under environmental stress by eutrophication processes. A previous study, conducted between January 1993 and January 1997, concluded that the inter-annual variation of macroalgal biomass in the Mondego estuary was controlled by hydrodynamics, which in turn depended on precipitation and river management, according to the water requirements of the upstream rice crop (Martins et al., 2001) .
The Pranto river sluice opening was effectively reduced in 1998 to lower the nutrient loading of the south arm. Most of the nutrient enriched Pranto freshwater is diverted to the northern arm by another sluice located further upstream. Furthermore, to improve the hydraulic regime, the upstream connection between the two arms was enlarged, allowing water to flow from the north arm at high tide situations (Fig. 1) . In addition, the remaining seagrass patches were protected with wooden stakes to prevent further disturbance of that area (by fishermen who were digging in the sediment looking for bait), and several forums were convened to apprise local people of the ecological and economic importance of the seagrass bed.
Sampling procedure and analysis
The long-term monitoring program in the Mondego estuary has been carried out since the early 1990s by an IMAR-Institute research team, within the scope of European and national projects. In order to assess the eutrophication process in the south arm of the estuary, three distinct areas were monitored (A, B and C in Fig. 1 ). The choice of these areas was dictated by observations of a macroalgal coverage gradient in the south arm, increasing from downstream to upstream. Originally, in the early 1980's, the three areas were covered by rooted macrophytes; however, as the eutrophication increased, together with human disturbance caused by an intensive baitdigging, Zostera noltii declined progressively. Currently, the seagrass bed is restricted to the marine end of the estuary, having been replaced elsewhere by green macroalgae.
At each sampling site, primary producers and associated macrofauna were sampled monthly (minimum 6 cores, with 141 cm 2 section) between January 1993 and January 2003. Sampling was conducted during the day period just after ebbing. At the same time, water temperature and salinity were measured, while water samples (approximately 250 ml) were collected for analysis of dissolved inorganic nitrogen and phosphorus. Samples were immediately filtered (Whatman GF/F glass-fibre filter) and stored frozen at ÿ18 C until analysis following standard methods described in Limnologisk Metodik (1992) for ammonia and phosphate (PO 4 -P) and in Strickland and Parsons (1972) for nitrate (NO 3 -N), and nitrite (NO 2 -N). It is possible that underestimation of ammonia occurred due to temporary freezing of samples. The phytoplankton chlorophyll a (Chl a) determinations were performed by filtering 0.5e1.0 L of water through Whatman GF/C glass-fibre filters followed by extraction according to Parsons et al. (1985) . In the field and during transportation to the lab, samples were stored on ice and light protected. Samples from the three monitoring areas (A, B and C) were collected and analysed separately. Due to the small distance between the sites, data were put together and presented/related as mean values (GSE) for the south arm of the estuary. Green macroalgae (mostly Ulva intestinalis and Ulva compressa, according to the recent revision of Hayden et al., 2003) and the seagrass Zostera noltii, were dried (for 48 h at 60 C) and ash free dry weight (AFDW) was assessed after combustion of samples for 8 h at 450 C.
Results
The seasonal and inter-annual variation of salinity in the south arm of the Mondego estuary is strongly influenced by precipitation (Fig. 2) . These two parameters showed a highly significant (P ! 0.001) negative linear relationship for both periods of study, although with higher correlation for the 1999e2003 period.
The changes implemented in the hydrodynamics of the system promoted a noteworthy reduction in the concentration of the ammonia, but not in the oxidised forms of nitrogen (nitrate plus nitrite) or in the concentrations of the dissolved inorganic phosphorus (Fig. 3) . The concentrations of ammonia ranged between 7.6 mmol L ÿ1 and 84.3 mmol L ÿ1 during the 1993e1997 period, and after the Pranto river sluice aperture was effectively reduced, the ammonia concentrations dropped to values lower than 15 mmol L ÿ1 , ( Table 1 ). The concentrations of oxidised nitrogen forms were not significantly different with a mean value of 7.2 mmol N L ÿ1 in the first period, and 7.4 mmol N L ÿ1 after 1998 (Table 1) . Similarly, there were no significant differences between phosphate concentrations before and after 1998 (Table 1) . For both periods, before and after 1998, the oxidised forms of nitrogen exhibited Table 1 The concentration of nutrients and the biomass of primary producers during the pre-mitigation period, 1993e1997 (A) and post-mitigation period, 1999e2003 (B), and the statistical significance of differences concerning these parameters between the two periods (C) (Fig. 4) , suggesting that the Mondego system main source for these nutrients are the freshwater inputs.
The mean water temperature showed a clear seasonal variation, closely following the air temperature (Fig. 5) . Phosphate concentrations showed a highly significant (P ! 0.001) positive linear relationship with water temperature (R 2 Z 0.44, N Z 40) for the 1993e1997 period, suggesting a clear dependency on mineralization processes. After 1998, this relationship disappeared and high concentrations of phosphate were present even at low temperatures. Ammonia did not show any relationship with precipitation, salinity, temperature, nor with the other dissolved inorganic nutrients (NO x -N and PO 4 -P). The dissolved N:P atomic ratio showed a significant decrease (Wilcoxon two sample test: W Z 2882.5; P ! 0.001) from the pre-(mean N:P Z 37.7) to post-management (mean N:P Z 13.2) period (Fig. 6) , mostly due to the reduction in the concentration of ammonia. This difference is evidenced by analysing the dissolved N:P atomic ratio, separating the nitrogen oxidize forms (NOx-N:P) from ammonia (NH 3 -N:P) (Fig. 6 ). For both periods, the dissolved N:P atomic ratio exhibited a highly significant (P ! 0.001) negative linear relation with salinity (1993e97 R 2 Z 0.55, N Z 35 and 1999e03 R 2 Z 0.67, N Z 40) (Fig. 6) . The biological parameters for opportunistic primary producers showed that green macroalgal biomass, mostly Ulva intestinalis and Ulva compressa, was significantly reduced (Table 1) after the implementation of the mitigation measures ( Fig. 7A) : maximum biomass 127.0 g AFDW m ÿ2 before and 13.6 g AFDW m ÿ2 after 1998. Yet, the phytoplankton chlorophyll a concentrations did not differ (Fig. 7) : mean concentration: 6.1 mg m ÿ3 G 0.6 SE before and 5.9 mg m ÿ3 G 0.4 SE after 1998 (Table 1) .
The biomass of Zostera noltii sharply decreased from January 1993 to January 1997, (Fig. 7B) . After the mitigation measures, the seagrass partly recovered: maximum and minimum biomass was respectively 256.6 and 5.7 g AFDW m ÿ2 before and 158.9 and 18.3 g AFDW m ÿ2 after 1988. However, the biomass was still significantly lesser than in the first period (Table 1) .
Discussion
Water circulation in the south arm of the Mondego estuary was mainly dependent on tides and freshwater input by the tributary Pranto river during the period of 1993 to 1997. This is clear from the highly significant negative linear relation between salinity and precipitation. Comparatively, in the post-management period, the explained variance was lower, which is supported by a time lag between the occurrence of precipitation and the freshwater discharge from the River sluice (Martins et al., 2001) . After the enlargement of the upstream connection between the two arms, higher variance in the negative linear relation between salinity and precipitation clearly suggests a higher freshwater input from the north arm through overflow episodes. Despite the changes in the hydrodynamics of the system, the highest salinities were recorded during the warmer/dry periods, when the freshwater inputs are lower and the runoff episodes negligible. This indicates a major penetration of seawater during spring and summer. On the other hand, during autumn and winter the considerable increase and predominance of freshwater inputs lower the salinity. For both periods, before and after 1998, there is a highly significant negative linear relation between salinity and the oxidised forms of dissolved nitrogen and a highly significant positive linear relation between precipitation and the oxidised forms of dissolved nitrogen, suggesting a strong dependency on the freshwater inputs from diffuse and/or point sources The oxidized nitrogen forms were not significantly reduced after 1998. Probably due to the fact that concentrations of nitrogen are often several times higher in rivers than in receiving coastal seawater (Yin et al., 2001) , and this estuarine system receives an agricultural runoff from an upstream cultivated area ten times larger than the estuary itself. Moreover, rain water can also constitute a source of nitrate to aquatic systems (Berner and Berner, 1996) .
Rivers may supply much of the nitrogen and phosphorus to estuaries, but most of it may also internally recycle within the estuary through biogeochemical processes. Thus, external sources for nutrients can also include the regeneration of nutrients from organic and inorganic matter carried by rivers (Berner and Berner, 1996) . So, the Pranto river could also constitute a source of nutrients in the form of suspended particulate organic and/or inorganic matter.
The absence of a linear relationship between ammonia and salinity or precipitation, and between phosphate and salinity or precipitation, before and after 1998, suggests that the main source of these nutrients, in the dissolved form, was not dependent on the freshwater inputs. Both nutrients can be directly related to the biological activity and mineralization of organic matter within the system (e.g. Berner and Berner, 1996; Lillebø et al., 2002) . In fact, most of the phosphorus enters the system in the particulate form (Lillebø et al., 2002) . For the period 1993 to 1997, the highly significant positive linear relation of phosphate with temperature implies a dependency on mineralization processes Lillebø et al., 2002 Lillebø et al., , 2004 . This means that ecological stress may still persist due to internal Ploading (Coelho et al., 2004) in a similar way as observed in other temperate estuaries (Holmboe et al., 1999) and shallow lakes (e.g. Jensen and Andersen, 1992; Zhang et al., 2003) . After 1998, this relation is not significant, since high phosphate concentrations also persist into autumn and winter, with low temperatures (between 6 C and 12 C), suggesting the existence of additional phosphate sources, possibly aquaculture farms or small industries. Ammonia did not show any relationship with temperature, which is in agreement with previous studies showing that primary producers may control the sediment/water flux of ammonia (Lillebø et al., 2002) . Higher ammonia efflux rates occur seasonally, when primary producers are less active (autumn and winter), and daily when heterotrophic respiration is not compensated by primary production (night period) (Lillebø et al., 2002) .
After the diversion of most of the freshwater from the Pranto river directly into the northern arm, through another sluice located further upstream, the concentrations of ammonia in the south arm were effectively reduced. This suggests that the river Pranto was previously the major source for the ammonia form of nitrogen. In addition, a linear correlation often exists between ammonia concentrations and the suspended particulate matter in the water column of temperate intertidal shallow systems (Rocha et al., 1995) .
For both periods (pre-and post-mitigation), the dissolved N:P atomic ratio exhibited a highly significant negative linear relation with salinity, suggesting a close relation with the freshwater inputs. Since no relevant changes occurred in the concentrations of dissolved inorganic phosphorus between pre-and post-mitigation, lack of ammonia derived from the Pranto river caused the effective reduction in the N:P atomic ratio after the regulation. The opportunistic primary producer parameters suggest that phytoplankton is not nutrient limited, since chlorophyll a concentrations did not show any significant changes throughout the period between 1993 and 2003. Due to a comparatively higher surface area/ volume relation, phytoplankton have higher affinity for nitrogen forms, with higher uptake rates than macroalgae for both ammonia and nitrate per unit of biomass (Hein et al., 1995; Collos, 1998) . However, this only makes phytoplankton competitively superior under low nitrogen availability, which is closely related to nitrogen loading and water residence time (Hein et al., 1995; Valiela et al., 1997) . On the other hand, the biomass of green macroalgae was reduced about one order of magnitude after the mitigation measures. This shows that the improvement of the hydrodynamics of the system lowered dissolved inorganic nitrogen concentrations, which caused macroalgae with low nitrogen affinity to be nitrogen limited. In fact, nitrogen often appears to be the limiting nutrient in estuarine systems (Hein et al., 1995; Yin et al., 2001) , namely in the form of ammonia (Rocha et al., 1995) . Ultimately, the response of phytoplankton, green macroalgae and the seagrass Zostera noltii to the changes of nitrogen loading in the Mondego estuary clearly confirms the pattern of relative contribution of these three major groups of producers, in shallow temperate estuaries with shorter water residence time, proposed by Valiela et al. (1997) (Fig. 7C) .
Aquatic ecosystems may shift between an oligotrophic/benthic state (with clear water and macrophyte dominated) and an euthrophic/pelagic state (with turbid water and plankton dominated) (Valiela et al., 1997; Scheffer et al., 2001; Zhang et al., 2003; Webster and Harris, 2004) . The switch between the two states is often , mean GSE) before the management (1993e1997) and after (1999e2003); B) Comparison of the mean biomass of Zostera noltii at the long monitoring field station A (mg AFDW m ÿ2 ) before the management (1993e1997) and after (1999e2003); C) Hypothetical pattern of change in the relative contribution of these three major groups of producers in shallow temperate estuaries with shorter water residence time, redrawn after Valiela et al. (1997). abrupt and the ecosystem response to perturbation is highly non-linear and complex (Scheffer et al., 2001; Beisner et al., 2003; Marques et al., 2003; Zhang et al., 2003; Cardoso et al., 2004) . The non-linearity arises from the strong interactions between the benthos and the pelagic compartments and from competition between primary producers for light and nutrients (Scheffer et al., 2001; Zhang et al., 2003; Webster and Harris, 2004) . When the mean dissolved N:P ratio was reduced in the Mondego system, the large green macroalgae biomass was reduced, followed by an increase of Zostera noltii biomass and covered area. Yet, seagrass biomass and aerial cover remained much lower than during the initial state. These primary producers are bio-stabilisers due to the immediate changes in the physical environment (e.g. decreasing tidal currents, wave action and sediment resuspension and enhancing sediment cohesiveness and settling of suspended matter (Widdows and Brinsley, 2002) . The hysteresis response may be related to the sedimentary changes that followed the loss of seagrass .
The state of a system depends on the history of disturbances, since an ecosystem is set to provide resilience to buffer changes for certain periods of time (Beisner et al., 2003; Zhang et al., 2003) . The restoration of ecosystems into a natural stable state should be focused on monitoring events after the cessation of a perturbation and the responses to the reversal of a perturbation. Thus, integrated catchment management and the reduction of nutrient loads from all sources, together with additional measures (e.g. directional habitat reconstruction) are the way for long-term management solution for estuarine systems.
